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In order to characterize magnetic-field (B) tunable THz plasmonic detectors, spectroscopy experiments were
carried out at liquid helium temperatures and high magnetic fields on devices fabricated on a high electron
mobility GaAs/AlGaAs heterostructure. The samples were either gated (the gate of a meander shape) or
ungated. Spectra of a photovoltage generated by THz radiation were obtained as a function of B at a fixed
THz excitation from a THz laser or as a function of THz photon frequency at a fixed B with a Fourier
spectrometer. In the first type of measurements, the wave vector of magnetoplasmons excited was defined
by geometrical features of samples. It was also found that the magnetoplasmon spectrum depended on the
gate geometry which gives an additional parameter to control plasma excitations in THz detectors. Fourier
spectra showed a strong dependence of the cyclotron resonance amplitude on the conduction-band electron
filling factor which was explained within a model of the electron gas heating with the THz radiation. The
study allows to define both the advantages and limitations of plasmonic devices based on high-mobility
GaAs/AlGaAs heterostructures for THz detection at low temperatures and high magnetic fields.
I. INTRODUCTION
According to theoretical considerations, a field-effect
transistor (FET) can act as a detector of the electromag-
netic radiation1. Depending on material parameters, the
length of the channel and the electron scattering time, the
detection can be resonant or non-resonant. In the reso-
nant case, plasma waves excited by the incident radiation
reflect from the drain and source ends of the channel and
create a standing wave in an analogy with sound waves
in an acoustic resonator. In theory, the frequency of the
resonance depends on the electron concentration and can
be tuned with the gate polarization. In the non-resonant
case, the scattering time is too short to allow for gener-
ation of standing plasma waves and damped plasma os-
cillations develop only at the vicinity of the FET source.
A detailed discussion of these issues has been recently
presented in Ref. 2.
The theoretical proposal1 stimulated a large number of
experiments starting from the first demonstration of THz
detection with a FET a decade ago3 (for a review, see 4).
Although the general concept of a FET as a THz detector
was confirmed in a large number of experiments, neither
of known types of FET showed, up to now, plasma res-
onances at room-temperature. This concerns also a re-
cently investigated antenna-coupled graphene state of the
art transistor5. A a resonant detection was found only
in some cases at liquid helium temperatures6? ,7. On the
other hand, a strong non-resonant signal was observed on
a)marcin.bialek@fuw.edu.pl
transistors of different types, including Si metal-oxide-
semiconductor FETs (Si-MOSFETs)8,9.
The current interest in room-temperature applications
of FETs in THz detection seems to be split into two
main research directions. On the one hand, technolog-
ical and engineering efforts led to fabrication of multip-
ixel cameras10 based on a non-resonant FET response.
On the other, one tries to construct resonant antennas
which – due to their frequency characteristics – could
shrink a non-resonant FET response into a narrow-band
one12,13.
The research on low-temperature detection with FETs
is far less developed. There exists a huge volume of
theoretical and experimental results related to a two-
dimensional (2D) plasma investigation which started in
1977 with a low-temperature Fourier spectroscopy on
a Si-MOSFET14. No doubt, from this perspective, dif-
ferent types of plasmon resonances in 2D systems seem
to be perfectly well understood and analyzed. A com-
prehensive review on this topic can be found in Ref. 15.
However, developments of THz techniques, concepts and
applications which have been created during last 20 years
for room-temperature FET-based devices do not find
their equally abundant counterpart in a low-temperature
research.
The present work aims to answer a few questions which
are related to the construction and performance of THz
detectors fabricated for a low-temperature THz magne-
tospectroscopy. The basic idea of the study was to in-
vestigate devices in which plasmon resonances could give
a strong and tunable signal. This led us to fabrication of
FET-like devices with the design of the gate metallization
2FIG. 1. A scheme of the GaAs/AlGaAs heterostructure. The
density of δ dopings is 7.5×1011 cm−2.
formed as a meander and an ungated reference sample of
the same dimensions. Next, the detectors were tested
in two different experiments: a Fourier magnetospec-
troscopy and a THz-laser magnetospectroscopy. Let us
note that the magnetic field is a natural tuning param-
eter at low-temperature studies and is a powerful tool
allowing to interpret experimental results. In the Fourier
spectroscopy, a spectrum is acquired as a function of the
energy of photons at different magnetic fields. In the laser
spectroscopy, the spectrum is measured as a function of
the magnetic field at a constant wave length of incident
THz photons. Testing the same detector in these two
different experimental systems is not an usual approach
since typically only one of these techniques is used. We
show that carrying out these complementary experiments
leads to a much deeper characterization of the detector’s
performance.
The paper is organized as the following. Section II de-
scribes the samples and experimental techniques. Section
III is split into two parts. The first one presents results
of spectroscopic measurements obtained with monochro-
matic THz sources as a function of the magnetic field.
The second one is devoted to an analysis of the Fourier
spectroscopy measurements. The results are discussed in
Section IV.
II. SAMPLES AND EXPERIMENTS
The samples were processed on a high electron mo-
bility GaAs/Al0.36Ga0.64As heterostructure with a layer
sequence shown in Fig. 1. The electron mobility (µ) in
a two-dimensional electron gas (2DEG) at 4 K was es-
timated by the Hall effect measurements to be about
6×105 cm2/Vs. The electron concentration (Ns) in un-
gated and gated samples was about 3.1×1011 cm−2 and
2.65×1011 cm−2, respectively. In gated samples, Ns was
typically about 15% lower than in ungated ones. The
thickness of the barrier d=48 nm will be used in the fol-
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FIG. 2. Right: a scheme of the experimental setup. Top
inset: the spectrum of THz radiation incident on the sample.
Bottom inset: the shape of a meander-like gate on a Hall
bar sample; the photovoltage is measured between S and D
contacts; G – the gate electrode.
lowing paragraphs as one of parameters which determine
the spectrum of plasmons.
Two samples used for spectroscopic measurements
were fabricated with an electron beam lithography on
a chip with dimensions of 4 mm × 4 mm. The
mesas in the shape of Hall bars of dimensions of
1.300 mm × 0.065 mm were defined by a wet etching and
were separated by about 1.5 mm (see Fig. 2 for a scheme
of the samples). Ohmic contacts were prepared by depo-
sition of a 160 nm-thick layer of Au/Ge/Ni and heating
the sample to 430oC for a few minutes. Connections of
the four voltage contacts with the bar were done with
20 µm-thick channels. The gate was evaporated on one of
the mesas by deposition of a 15 nm-thick layer of Au/Pd
alloy in a meander form. The width of both gated and
ungated stripes was equal to 2 µm. Let us note that due
to the meander shape the period of the grid is equal to
a = 8 µm. This sample acted as a grid-gated field-effect
transistor. The chip was attached to a metallic surface
of a 14-pin dual-in-line support and both samples were
bonded with Au wires.
The chip was placed in a cryostat in a center of a su-
perconducting coil and cooled down to 4.2 K with an
exchange gas. The THz radiation was guided to the chip
with an oversized waveguide made of a stainless steel
tube. The signal measured was a photovoltage (PV) gen-
erated between the current-supplying contacts of a Hall
bar. During measurements, one of ohmic contacts was
grounded, while Hall contacts were on a floating poten-
tial. Measurements were carried out for both gated and
ungated samples.
Two types of experiments were carried out. The first
one was performed with a monochromatic radiation from
a molecular THz laser pumped with a CO2 laser. Spectra
were measured as a function of the magnetic field. We
used a lock-in technique with the reference signal gen-
erated by a mechanical chopper modulating on/off the
laser beam. This type of measurements were carried out
3for a few laser lines. In this setup we have also mea-
sured transport to determine the electron concentration
and mobility.
The second one was a Fourier spectroscopy experiment
which gave the PV signal as a function of the THz pho-
ton frequency at a constant magnetic field. In this case,
the measured signal was directed to a differential ampli-
fier with a band-pass filter enabled and next to Bruker
113v Fourier spectrometer set to the spectral range of
20 to 80 cm−1. The scheme of the experimental system
as well as the radiation spectrum are shown in Fig. 2.
We collected Fourier spectra changing the magnetic field
typically by 0.1 T. For gated samples we also measured
spectra at a constant magnetic field B = 3.0 T and 5.2 T,
changing the gate polarization UG with 0.01 V steps.
These values of the magnetic field were chosen because of
a strong PV signal and essentially different values of the
conduction band electron filling factor ν at UG = 0 V.
III. RESULTS
A. Laser spectroscopy
Let us discuss results of the molecular laser spec-
troscopy first. Typical spectra are shown in Fig. 3. For
both for gated and grid-gated sample, a cyclotron reso-
nance (CR) magnetic field BCR is preceded by a series
of maxima at lower magnetic fields. We interpret these
peaks as magnetoplasmon resonances which are num-
bered with an integer n = 1, 2, ... counting from BCR
toward lower fields. The frequency of magnetoplasmon
follows the relation? :
ω2 = ω2c + ω
2
p,n, (1)
where ω is the magnetoplasmon frequency, ωp,n is the
frequency of n-th plasmon mode at zero magnetic field
and ωc = eB/m
∗ is the cyclotron frequency; e and m∗
are the electron charge and effective mass, respectively.
The dispersion relation of plasmons for a 2D system at
zero magnetic field is given by17:
ωp,n =
√
e2Ns
2m∗ǫ0
kn
ǫ(kn)
, (2)
whereNs is the electron concentration, kn is the wavevec-
tor of the n-th plasmon mode and ǫ(kn) is the effective
dielectric function.
Depending on whether the sample is covered with
a metal gate or not, the effective dielectric function takes
the form18:
ǫgated(k) =
1
2
(ǫGaAs + ǫGaAlAs coth(kd)), (3)
or?
ǫungated(k) =
1
2
(ǫGaAs + ǫGaAlAs
1 + ǫGaAlAs tanh(kd)
ǫGaAlAs + tanh(kd)
),
(4)
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FIG. 3. Normalized photovoltage spectra obtained at four
THz laser lines (with the wavelength indicated in the figure)
for gated (bottom) and ungated (top) samples at 4.2 K. Plas-
mon resonances are marked with bars. BCR is indicated with
an arrow.
where d is the barrier thickness. In the case of grid-
gated samples, a weighted average of expressions given
by Eqs. 3 and 4 is assumed? :
ǫ(k) = αǫungated(ω, k) + (1− α)ǫgated(ω, k), (5)
where α is a parameter interpolating between two func-
tions.
In Fig. 4 we show experimentally determined frequen-
cies of subsequent plasmon modes shifted to the zero
magnetic field with Eq. 1. Theoretical plasmon disper-
sion curves, calculated at different values of the param-
eter α with Eqs. 3 – 5 are also presented. Calcula-
tions were carried out with the electron concentration
Ns = 2.65 × 10
11 cm−2 and Ns = 3.1 × 10
11 cm−2 for
gated and ungated sample, respectively. The effective
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sion of plasmon excited in the gated sample.
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FIG. 5. Experimental (points) and theoretical (lines) disper-
sion of plasmon excited in the ungated sample.
mass m∗ = 0.0707me was determined from Fourier spec-
troscopy data described in the next section. Static di-
electric constants, equal to 12.9 and 11.9 for GaAs and
Al0.36Ga0.64As respectively, were used in calculations.
With kn = 2πn/a we get the best fit with the value of
α ≈ 1.0.
In the case of the ungated sample to fit the experimen-
tal data with the Eq. 4 we had to assume that observed
magnetoplasmons were excited in the paths connecting
the sample’s channel with voltage side contacts. The
width of these paths is WH = 20 µm. Due to the iden-
tical boundary conditions along both sides of the path,
only wave vectors satisfying kn = (2n− 1)π/WH , where
n = 1, 2, 3, ..., modes can be excited under uniform spa-
tial radiation distribution over the sample20? ,21. Under
these assumptions we get a good quantitative description
of experimentally observed resonances shown in Fig. 5.
Generation of plasmons in samples without a grid seems
to contradict the general idea that a grid coupler (i.e., a
periodic structure) is necessary to couple incident pho-
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FIG. 6. Fourier spectra of PV measured on the ungated sam-
ple at every 0.1 T between 2.8 T (bootom) to 6.1 T (top) at
4 K. Bars in the bottom inset show the maxima appearing
due to interferences in the substrate.
tons with 2D plasma excitations, but the phenomenon is
know for more than 20 years22? . Let’s note that the role
of the grid is to diffract the radiation, so an electromag-
netic wave acquires an in-plane wave vector component
which allows to fulfill the momentum conservation law
during excitation of a plasmon with a photon. Similarly,
in grid-free samples, diffraction of photons on sample’s
or mesa’s borders allows for plasmon generation.
B. Fourier Spectroscopy
Fourier spectroscopy experiments were carried out for
both gated and ungated sample. The resulting spectra
collected at different magnetic fields for the ungated and
gated samples are shown in Fig. 6 and Fig. 7, respectively.
Let us note that no PV signal was observed for radiation
power below about 0.2 arb.u. of the intensity scale shown
in the top inset in Fig. 2. As one can notice, the spectra
are dominated with a symmetric peak of the full width at
half maximum (FWHM) of about 5 cm−1. The peak is
moving with the magnetic field towards higher frequen-
cies and corresponds to the cyclotron resonance transi-
tion modified by magnetoplasmon excitations. The peak
is broad enough to observe subsidiary maxima which ap-
pear with the period of (7.24±0.22) cm−1 (see the insets
to Figs. 6 and 7). Since the period of these oscillations
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FIG. 7. Fourier spectra of PV measured on the gated sam-
ple between 1.2 T (bootom) to 6.4 T (top) at 4 K. Bars in
the top inset mark the maxima appearing due to substrate
interference.
corresponds to interferences in the GaAs substrate, they
are neglected in the further analysis. For each spectrum,
peaks were fitted with Lorentzian function to give esti-
mations of their positions and amplitudes. The insets to
Figs. 6 and 7 give examples of the fitting procedure.
1. Frequency
Data plotted in Fig. 8 show the position of the
magnetoplasmon-shifted CR peak. We observe that the
resonance frequency of the gated Hall bar is higher than
that of the ungated one by a few cm−1. This results from
the excitation of a magnetoplasmon which blue-shifts the
resonance frequency in the gated sample. Fitting Eq. 1
to the gated sample data gives the plasmon frequency at
zero magnetic field equal to (13.2±0.5) cm−1 which coin-
cides with the frequency of n = 1mode obtained from the
THz laser experiment, shown in Fig. 4. Contrary to the
THz laser spectroscopy results, we do not observe higher
(n > 1) magnetoplasmon modes in the Fourier spec-
troscopy experiment which is caused by a much smaller
THz radiation power incident on the sample and its wide
spectrum.
We do not observe signatures of magnetoplasmon exci-
tations in the ungated sample. This is related to the spec-
tral resolution of the measurements which is discussed
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FIG. 9. Resolution limits of Fourier spectrometer for gated
and ungated samples measurements and an evolution of a dif-
ference in energy between plasmon mode and CR with the
magnetic field for magnetoplasmon in both samples.
in Fig. 9. The experiments were carried out with the
resolution equal to 0.2 cm−1 and 0.5 cm−1 in the case
of ungated and gated samples, respectively. We assume
that the least distance between two maxima that can
be resolved are twice these values which are represented
with horizontal lines in Fig. 9. Curved lines show an en-
ergy difference ∆E between the first magnetoplasmon
mode and the cyclotron resonance: (
√
ω2p,1 + ω
2
c − ωc)
with ωp,1 = 13 cm
−1 and ωp,1 = 7 cm
−1 for gated and
ungated sample, respectively (see Figs. 4 and 5). One
can notice, that with given experimental resolution, it is
not possible to discriminate the plasmon from the CR
for magnetic fields higher than about 4.5 T and 6.5 T
for ungated and gated samples, respectively. This re-
sult means that at higher B the peak observed in Fourier
spectra coincides with the CR. The value of the cyclotron
mass obtained from this data is equal to 0.0707me. It
is slightly higher than the value of ≈0.069me expected
6in GaAs/AlGaAs heterojunction23. The right scale in
Fig. 9 approximately recalculates ∆E into the magnetic
field scale ∆E = e/m∗∆B which shows that the resolu-
tion of 0.005 T in the laser experimental system allows
to discriminate between the CR and plasmon peaks even
at high magnetic fields.
2. Amplitude
The amplitude of the resonance present in Fourier
spectra show a non-monotonic dependence on the mag-
netic field. To analyze this dependence we refer to
a model described in Refs. 24. Its essence lies in an
assumption that absorption of a THz radiation changes
the electron distribution function. This can be approxi-
mately described as a change of the electron temperature
Te, which becomes higher than the lattice temperature
TL. In a gated sample, there is a strict correspondence
between the gate potential and the electron distribution
function (it just reflects the fact that the electron con-
centration can be changed with the gate polarization).
For this reason, changes in the electron temperature can
be observed as changes of the gate – to – channel po-
tential, as it was done in Ref. 24 where the gate – to –
channel photovoltage was investigated. In our case, typ-
ically a drain – to – source photovoltage was measured
(see the inset to Fig. 2 to recall the names of the sample’s
contacts) which was proved to be essentially identical to
that of a gate – to – source, as Fig. 11 shows. This
similarity must exists since in gated samples gate – to –
source and drain – to – source potentials are dependent
under the open drain conditions, as it is the case of a PV
measurements. To explain the origin of a PV signal in
an ungated sample we note that an asymmetry must be
present in the sample which allows for a charge separa-
tion and generation of a PV under the incidence of THz
radiation. Since the process of charge separation depends
on the electron diffusion, it is influenced by the electron
distribution function, hence Te.
The model proposed in Ref. 24 allows to estimate
the value of the photovoltage for magnetic fields corre-
sponding to electron filling factors close to even values,
ν = 2, 4, ...:
∆V (ν) = A{Tearcsinh(
ν − ν
4
exp[
h¯ωc
2kTe
])
−TLarcsinh(
ν − ν
4
exp[
h¯ωc
2kTL
])}, (6)
where A is a fitting parameter and TL = 4.2 K. For the
gated sample, the filling factor ν was calculated as a func-
tion of B and the gate voltage UG:
ν =
h
e
Ns
UG − Uth
Uth
1
B
, (7)
where the fraction (UG − Uth)/Uth, with Uth denoting
a threshold voltage, gives a fraction of free electrons with
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dence on the magnetic field. Dashed lines in these two plots
show predictions with the constant electron temperature. In
the bottom plot lines show predicted PV for a constant ∆Te
in case of UG sweeps at a constant B.
respect to their number at zero gate polarization. The
value of Uth=-0.323±0.006 V was obtained from a de-
pendence of the electron concentration on the UG deter-
mined by an analysis of the period of SdH oscillations;
for the ungated sample, this fraction was 1. The cor-
respondence between ν and B allows to express ωc as
7a function of ν in Eq. 6. In the experiment, only the
amplitude of the photovoltage was measured. For this
reason, the modulus of the function 6 was fitted to the
data. Our measurements were done for magnetic fields
corresponding, approximately, to 1.5 < ν < 4.5. For this
reason, the fitting function was composed of a sum of two
contributions, one corresponding to ν = 2 and the other
– to ν = 4.
We estimated Te in two ways. First, we assumed that
Te is constant, i.e., it does not depend on the magnetic
field. This is an approximation since heating of the elec-
tron gas is the most efficient with photons of the energy
close to that of the CR and the spectral intensity of the
THz source in the Fourier spectrometer is not constant.
That is why, we assumed that Te(B) = TL + ∆T l(B),
where l(B) is a normalized power of the THz source,
shown in Fig. 2, with the argument B determined ac-
cording to E = h¯ωc, where E is the photon energy. This
model gives the maximal heating efficiency at the mag-
netic field equal to about 3.7 T which corresponds to the
CR at E = 45 cm−1.
Finally there were two fit parameters only: ∆Te – the
difference between temperatures of electrons and the lat-
tice (4.2 K) and A – a scaling factor for the function (6).
Results of both fitting procedures are shown in Fig. 10.
One can notice that the model describes the experimental
data with a reasonable accuracy. Also, a better fitting re-
sults are obtained with an assumption of a B-dependent
electron temperature (dashed lines) than with a constant
one (solid lines). Fitted values of ∆T are equal to 21.0 K
and 3.0 K for the ungated and gated samples, respec-
tively. The same value of A was used for both samples.
Taking into account that the PV signal was observed
for the source intensity higher than 0.2 of the maximum
value, the electron temperature changes between (4.2 +
0.2*21.0) K = 8.4 K to 25.5 K for the ungated sample
and between 4.8 K and 7.2 K for the gated one.
An analysis of Eq. 6 shows that a sharp feature in
∆V should be expected at ν = 2, 4, .... In fact, such
abrupt changes are clearly visible in the data presented
in Fig. 10. Since transport measurements were not done
during the Fourier spectroscopy measurements, we esti-
mated the value of the filling factor by assuming that
ν = 2 corresponds to B = 5.6 T and 5.0 T in the
case of ungated and gated samples, respectively. This
leads, correspondingly, to Ns = 2.65 × 10
11 cm−2 and
Ns = 2.4 × 10
11 cm−2. These values are by about 10-
15% less than obtained at the THz laser spectroscopy
and magnetotransport measurements (3.1 × 1011 cm−2
and 2.65× 1011 cm−2) which can result from the depen-
dence of Ns on a particular cooling cycles in these two
separate experiments.
IV. DISCUSSION
The most evident application of the investigated sam-
ples as low-temperature tunable THz detectors results
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FIG. 11. Photovoltage measured on gate and drain contacts
with monochromatic sources: 19.4 cm−1 (left) and 84.2 cm−1
(right).
from the Fourier spectroscopy measurements. Neglect-
ing the interference in the substrate (which can be elim-
inated by wedging the sample), a linear dependence of
the resonance energy on the magnetic field together with
a Lorenzian shape of the peak, shown in Figs. 6 and 8, is
suitable for application at high enough B. At lower fields
one can observe a deviation from the linearity related to
excitation of magnetoplasmons. Thus, designing a detec-
tor one should be aware of magnetoplasmons that can be
generated by the radiation. According to our analysis,
it is possible to estimate the range of magnetic fields at
which the separation of the magnetoplasmon from the
CR position is lower than the experimental resolution
(see Fig. 9). On the other hand, oscillations of the reso-
nance intensity with the electron filling factor, observed
also by other groups23–28, can limit the applicability of
the detector since one can not trace the investigated sig-
nal in a broad range of B with the same sensitivity.
It is not obvious to determine by theoretical considera-
tions the wave vector of the fundamental plasmon mode
in a given sample. The thing is that in a real detec-
tor one always finds some metallization pads or signal-
conducting paths which can trigger plasmon excitation
with a wave vector determined by a geometrical detail
of the structure. This is clearly seen in the investigated
samples where under the same conditions of laser exci-
tations, plasmons were generated according to the geom-
etry of the grid-gate or side signal paths (in this case,
paths leading to Hall voltage pads). The energy differ-
ence between the fundamental modes in these two cases is
equal to about 7 cm−1 which is far more than the spectral
resolution of measurements. Testing the same detectors
at much lower frequencies, in the range 0.1 – 0.6 THz,
we found that we were able to excite plasmons with the
wave vector of the fundamental mode equal to the width
of the mesa, i.e., 65 µm.29 Taking all these observations
into account we conclude that the spectrum of plasmons
generated depends both on the range of the radiation
frequency used and geometrical details of a given detec-
tor design. This variety of possible plasmons generated
in one sample can be considered as discouraging, but we
rather see in this observation a chance to control plasmon
resonances by a proper design of the detector geometry.
For instance, if in the ungated sample investigated the
fundamental mode of the plasmons corresponds to the
8width of a side path, one could propose a device with
tens of such paths positioned at the circumference of the
mesa. Such a design should lead to a strong amplification
of the plasmonic response.
Summing up, in a Fourier spectroscopy experiments,
the detectors investigated showed a clear and narrow
spectral response but the amplitude of the signal strongly
depends on the magnetic field. The narrow spectral
width results from the fact that only one magnetoplas-
mon mode was generated in the Fourier experiment.
Since the variations of the amplitude of the detection
signal result from basic physical properties of a 2DEG,
we consider this drawback as hard to eliminate. In a THz
laser spectroscopy, the signal is spectrally much broader
and dominated by a number of plasmon resonances trig-
gered according to the geometrical details of the detector
design and the range of THz frequency radiation used.
We suggest that the geometry of a properly designed de-
tector could stimulate generation of only one plasmon
mode which could lead to a narrow response in THz laser
spectroscopy experiments.
V. CONCLUSIONS
Gated and ungated Hall bars were used in a THz mag-
netospectroscopy experiments. Excitation with a THz
laser allowed to determine dispersion relations of plas-
mons. In the case of the gated sample, magnetoplasmons
were generated with the wave vector of the fundamental
mode equal to the period of the grid. For the ungated
sample, it was determined by details of the geometry of
the mesa. Fourier spectroscopy showed that the ampli-
tude of the magnetoplasmon resonance was an oscillating
function of the electron filling factor which can be de-
scribed by a model assuming an increase of the electron
gas temperature. These two types of experiment gave
consistent spectral results.
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